The dissemination of carbapenem resistance in Escherichia coli has major implications for the management of common human infections. bla KPC , encoding a transmissible carbapenemase (KPC), has historically largely been associated with Klebsiella pneumoniae, a predominant plasmid (pKpQIL), and a specific transposable element (Tn4401, ~10kb). Here we characterize the genetic features of the emergence of bla KPC in global E. coli, 2008-2013, using both long-and short-read whole genome sequencing.
INTRODUCTION
Carbapenemases have emerged over the last 15 years as one of the most significant antimicrobial resistance threats in Enterobacteriaceae, many species of which are major human pathogens pneumoniae lineage, ST258, is thought to have contributed significantly to the global dissemination of bla KPC-2 /bla KPC-3 6 , although these genes have now been observed in several species in the family Enterobacteriaceae 7, 8 .
Acquired carbapenem resistance in Escherichia coli was considered rare as recently as 2010, although the first cases of bla KPC in E. coli were observed as early as [2004] [2005] in Cleveland (n=1, KPC-2 9 ), New York City (n=2, KPC-2), New Jersey, USA (n=1, KPC-3) 10 , and Tel Aviv, Israel (n=4, KPC-2) 11, 12 . No apparent epidemiological links were observed between any of these cases. Genotyping was limited at this time, but supported diversity being present in both host E. coli and bla KPC plasmid backgrounds. Since then, direct, plasmid-mediated transfer of bla KPC More recently there has been significant concern around the identification of bla KPC in E. coli sequence type (ST) 131, a globally disseminated and clinically successful strain [18] [19] [20] . Notably, the H30R/C1 clade (fluoroquinolone-resistant) and H30Rx/C2
clade (fluoroquinolone and extended-spectrum cephalosporin-resistant) sub-lineages of this strain have previously expanded globally in association with particular drug resistance mechanisms, including the extended-spectrum beta-lactamase (ESBL)
gene, bla CTX-M-15 (clade C2) 21, 22 . Given the high rates of community and healthcareassociated infections attributable to ST131 23 , and its capacity to be harbored asymptomatically in the gastrointestinal tract 24 , a stable association of ST131 with bla KPC could have dramatic consequences for the management of E. coli infections 12 .
Despite these concerns, there are very limited detailed molecular epidemiological data investigating the genetic structures associated with bla KPC Figure S1) . Accessory genomes were highly concordant for some (e.g. ecol_356/ecol_276/ecol_875), but not all (e.g. ecol_AZ159/ecol_244)
isolates that were closely related in their core genomes, supporting highly variable evolutionary dynamics between core and accessory genomes (Figure 1 Other less common types were: A/C2, FII(k), U (all n=2); and L/M, P, Q1 and R (all n=1). Four (14%) bla KPC plasmids were multi-replicon constructs, namely: col/repA, FIB/FII, FIA/FII, and FIA/FII/R.
Common IncN plasmid backbones have dispersed globally within E. coli
From GenBank, we selected all unique, fully sequenced IncN-bla KPC plasmid sequences (Supplementary Table 4 TGTGA-TGTGA). A col/ repA co-integrate plasmid was also observed in this dataset (ecol_AZ161), in which Tn4401b was inserted between colE3 signature sequences and a Tn3 element (Tn4401 TSS: AGATA-GTTCT). The formation of such cointegrate plasmid structures in E. coli has also been previously described 34 , including that of a fused col/pKpQIL-like plasmid structure (pKpQIL being historically associated with bla KPC ) 35 .
Col-like plasmids have been associated with KPC-producers in other smaller, regional studies 19, 36 . Of concern, these small vectors have been shown to be responsible for the inter-species diffusion of qnr genes mediating fluoroquinolone resistance, even in the absence of any obvious antimicrobial selection pressure 37 . We utilized long-read sequencing methods on only a subset of isolates, given resource limitations, which allowed us to completely resolve chromosomal and plasmid structures in less than half the isolates. Nevertheless, despite this drawback, we have still highlighted the extraordinary diversity amongst these strains. This study, along with other recent analyses utilizing long-read sequencing to fully close important antimicrobial resistance plasmid structures 7, 8 , also demonstrates the difficulty in making adequate evolutionary comparisons between these structures, given the absence of any effective phylogenetic methods to characterize the genetic histories for these structures where rearrangements are common, and events are not restricted to single nucleotide mutations.
This study has demonstrated the particular association of bla KPC in E. coli with IncN plasmid structures, which have been associated with the spread of other antimicrobial resistance elements 46 , as well as col-like plasmids, which are small, potentially highly mobile, and generally high copy number units. It has also highlighted that the The global emergence and spread of bla KPC in E. coli has been driven by multiple mechanisms, including local and international spread of highly genetically related strains, exchange of plasmids with other Enterobacteriaceae and between E. coli lineages, transposition events within the species, and a breakdown of the traditional association of bla KPC with Tn4401. The genetic flexibility observed is impressive, and concerning, particularly given that only a reasonably small number of KPC-E. coli over a short timeframe were characterized.
The diversity observed in this study has major implications for both surveillance and 
METHODS

Isolate collection and sampling frames
Isolates were obtained from two global antimicrobial resistance surveillance schemes table 1) 20 .
DNA extraction, sequencing and sequence data processing
All isolates were sequenced on the Illumina MiSeq; a subset of 18 were purposively selected for PacBio sequencing, to represent a range of years of isolation, geographic location, standard ST, plasmid size and resistance gene content (based on laboratory typing). DNA for sequencing was extracted from sub-cultures of bacterial stocks (frozen at -80°C) using the Qiagen Genomic tip 100/G extraction kit, as per the manufacturer's instructions (Qiagen, Hilden, Germany; catalogue no: 10243).
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DNA libraries for MiSeq sequencing were generated and normalized using 300 base, paired-end Nextera XT DNA library preparation kits (Illumina, San Diego, CA, USA). PacBio sequencing on the subset of strains was performed as previously described 47 ; in these cases, the same DNA extract was used for both Illumina and PacBio sequencing approaches.
Short-read Illumina data was processed as previously described 22 . Core variable sites (base called in all sequences, excluding "N" or "-" calls) derived from mapping to the SE15 reference were "padded" with invariant sites in a proportion consistent with the GC content and length of the reference genome (4.72Mb, 51% average GC content),
to generate a modified alignment of input sequences to generate phylogenies. These were done using RaxML (Version 7.7.6)
48
, with a generalized time reversible model, four gamma categories (relative rates of mutation across categories), bootstrapped 100
times. De novo assemblies of short-read Illumina data were generated using the A5-MiSeq pipeline (version 20140604) 49 .
Plasmid and chromosome structures were closed by resolving repeats at the ends of assembled, polished, PacBio contigs. Illumina reads were mapped to the resulting assemblies using bwa-MEM version 0.7.9a-r786 with default settings 50 . Read pileups were visualized in Geneious
51
; mismatches between the sequence derived from mapping and the reference PacBio assemblies were inspected manually to identify the correct structure, resulting in a final consensus sequence used for subsequent analyses and submission to GenBank. Unmapped reads were de novo assembled using the A5-MiSeq pipeline 20140604
due to size-selection of DNA fragments >7,000 bases implemented prior to PacBio sequencing.
All plasmid structures and de novo assemblies were annotated using PROKKA 52 ,
with subsequent manual refinement of annotations for regions of interest using BLASTn 53 and the NCBI bacterial and ISFinder databases 54 . Alignments of sequence structures were visualized and modified in Geneious.
Core/accessory genome comparisons
These were undertaken using the pangenome pipeline, ROARY
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, by inputting the *.gff files generated from the PROKKA annotation of each of the Illumina de novo assemblies (default settings). Comparisons were made separately for all isolates and the ST131 subset. The output gene_presence_absence.csv files were processed using the pheatmap function in R. Resistance genes were identified using ResisType, an inhouse tool [scripts available at: https://github.com/hangphan/resisType]. These were plotted on the maximum likelihood phylogenies using the Ape package in R.
Comparisons with publicly available KPC plasmid sequences
All complete KPC RefSeq sequences available in GenBank in May 2015 were identified using the search terms "plasmid" + "KPC" + "complete sequence". The resulting list was filtered manually to exclude any additional sequences present that were not complete plasmid sequences. In total 73 plasmid sequences were included (Supplementary Table 5 The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication. The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health. 
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(1) Table S2 ) bla TEM variants (colored by variant; for detail see Table S2 ) bla OXA variants (colored by variant; for detail see Table S2 ) bla SHV variants (colored by variant; for detail see Table S2 )
Aminogycoside resistance
Tetracycline resistance
Fluroquinolone resistance
aac-6'-Ib-cr aac-3'-IId aac-3'-IIe
Other aac variant rmtB aad variant (for detail see Table S2 ) aph variant (for detail see Table S2 ) ant variant (for detail see Table S2) tet variant gyrA S83L S83A parC D87N qnr variant (colored by variant; for detail see Table S2 ) 
